ABSTRACT ALMA Cycle 2 observations of the long wavelength dust emission in 180 star-forming (SF) galaxies are used to investigate the evolution of ISM masses at z = 1 to 6.4. The ISM masses exhibit strong increases from z = 0 to < z > = 1.15 and further to < z > = 2.2 and 4.8, particularly amongst galaxies above the SF galaxy main sequence (MS). The galaxies with highest SFRs at < z > = 2.2 and 4.8 have gas masses 100 times that of the Milky Way and gas mass fractions reaching 50 to 80%, i.e. gas masses 1 -4× their stellar masses. For the full sample of galaxies, we find a single, very simple SF law: SFR ∝ M 0.9 ISM , i.e. a 'linear' dependence on the ISM mass -on and above the MS. Thus, the galaxies above the MS are converting their larger ISM masses into stars on a timescale similar to those on the MS. At z > 1, the entire population of star-forming galaxies has ∼5 -10× shorter gas depletion times (∼ 0.2 Gyr) than galaxies at low redshift. These shorter depletion times are due to a different, dominant mode of SF in the early universe -dynamically driven by compressive, high dispersion gas motions and/or galaxy interactions. The dispersive gas motions are a natural consequence of the extraordinarily high gas accretion rates which must occur to maintain the prodigious SF.
INTRODUCTION
For star forming galaxies there exists a Main Sequence (MS) with galaxy star formation rates (SFRs) varying nearly linearly with stellar mass (Noeske et al. 2007) . A significant population of galaxies is also found with SFRs elevated above the MS. These are often identified as the starburst galaxy population (Rodighiero et al. 2011; Elbaz et al. 2011; Sargent et al. 2012) . The specific star formation rate, (sSFR ≡ SFR/M * ), is roughly constant along the MS at each cosmic epoch but increases 20-fold out to z ∼ 2.5, consistent with the overall increase in the cosmic star formation rate (Hopkins & Beacom 2006; Carilli & Walter 2013) . Understanding the cause of the MS evolution and the nature of galaxies above the MS is fundamental to understanding the cosmic evolution of star formation.
The interstellar medium (ISM) in galaxies fuels the activities of both galactic star formation and AGN. Is the cosmic evolution of these activities simply due to galaxies having larger ISM gas masses (M ISM ) at earlier epochs and above the MS, or is the gas forming stars with a higher efficiency ( = 1/τ SF = SFR/M ISM )? Specifically: 1) is the 20-fold increase in the MS SF from z = 0 to 2 due to proportionally increased gas contents at early epochs or due to a higher frequency of starburst activity ; 2) are galaxies above the MS converting their gas to stars with higher efficiency or do they have more gas?
Over the last decade, rotational transitions of CO have been used to probe molecular ISM of high redshift galaxies (Solomon & Vanden Bout 2005; Coppin et al. 2009; Tacconi et al. 2010; Casey et al. 2011; Bothwell et al. 2013; Tacconi et al. 2013; Carilli & Walter 2013) . Here, we employ an alternative approach -using long wavelength dust continuum to probe of ISM masses at high redshift (Scoville 2012; Eales et al. 2012; Magdis et al. 2012) . This dust emission is optically thin and avoids the quandary of the variable CO-to-H 2 conversion factors; it is also detected with ALMA in just a few minutes of observing. We present these initial results as a Letter since ALMA Cycle 2 & 3 projects will make use of this technique.
The sample of 180 galaxies used for this study is presented in §2. In §3 we briefly summarize the physical and empirical basis for using long wavelength dust emission as a probe of ISM mass. Average flux measurements for subsamples of galaxies are presented in §4 and the derived ISM mass and gas mass fractions in §5. The implications for the evolution of ISM and star formation at the peak of cosmic activity is discussed in §6. Figure 1 . Stellar mass and SFR for the 180 galaxies -60 galaxies at each of three redshifts: < z > = 1.15, 2.2 and 4.8. The Main-Sequence line at each redshift is shown dashed Speagle et al. 2014; Lee et al. 2015) ; SFRs are from the sum of the far-infrared from Herschel PACS and SPIRE and from the unextincted UV of the galaxy. At each redshift, our samples will allow us to probe the variation in ISM content as a function of both stellar mass and SFR from the galaxy MS to 10-20 times above the MS. Comparison of the results for each of the three redshifts will track the cosmic evolution of the ISM contents. The galaxy selections are tailored to sample the bins shown in SFR and M * with similar numbers of galaxies as much as possible.
GALAXY SAMPLE
Our sample of 180 galaxies is taken from the COS-MOS 2 deg 2 survey (Scoville et al. 2007 ) which has excellent photometric redshifts (Ilbert et al. 2013 ) derived from 34 band (UV-Mid IR) photometry. The galaxies were selected to sample stellar masses M * in the range 0.3 − 4 × 10 11 M and the range of SFRs at each mass and z without bias. Forty-eight have spectroscopic redshifts and 124 have at least a single band detection in the infrared with Spitzer MIPS-24µm or Herschel PACS and SPIRE. The photometric redshifts and stellar masses of the galaxies are from Ilbert et al. (2013) . The SFRs are derived from the rest frame UV continuum and infrared using Herschel PACS and SPIRE data as detailed in Scoville et al. (2013) . Three sub-samples at < z >∼ 1.15, 2.2 and 4.8 probe SFRs from the MS up to 10−20× MS with M stellar (Fig. 1 and Table 1 ).
LONG WAVELENGTH DUST CONTINUUM AS A MASS TRACER
We briefly summarize the physical and empirical basis for using the long wavelength dust continuum as a quantitative probe of ISM masses (details in Scoville et al. 2013) . At long wavelengths in low redshift galaxies, the dust emission is optically thin and the observed flux density is given by
where T d is the temperature of the grains, κ d (ν) is the dust opacity per unit mass of dust, M d is the total mass of dust and d L is the source luminosity distance.
To obviate the need to know both the dust opacity and dust-to-gas ratio, we have chosen to empirically calibrate the ratio of the specific luminosity at rest frame 850µm to total ISM mass using samples of observed galaxies -thus absorbing the opacity curve and abundance ratio into a single empirical constant α 850µm = L ν850µm /M ISM . Scoville et al. (2013) developed three samples for the calibration: 1) 12 local star forming and star-burst galaxies with global SCUBA and ISM measures; 2) Galactic observations from Planck and 3) a sample of 28 SMGs at z < 3 having CO(1-0) measurements. The 3 samples yielded α 850µm = 1.0, 0.79 and 1.01 ×10 20 ergs sec −1 Hz −1 M −1 , respectively. The Planck measurements are of high SNR, span a large wavelength range and they probe a diversity of Galactic ISM environments including both HI and H 2 dominated clouds -exhibiting little variation in the empirical α 250µm (Planck Collaboration 2011b). It is also reassuring that the low z galaxy sample and the high z SMGs yield similar α 850µm . The long wavelength dust emissivity index is taken to be β = 1.8 ± 0.1 (Planck Collaboration 2011a).
For high z galaxies, the expected flux density at observed frequency ν obs is given by
for λ rest 250 µm where α 250µm = 10 20 ergs sec −1 Hz −1 M −1 and Γ is the correction factor for the RJ approximation (Scoville et al. 2013) . The restriction λ rest 250 µm is intended to ensure that one stays on the Rayleigh-Jeans tail. Figure 2-Top-Middle shows the expected flux for a fiducial ISM mass of 10 10 M as a function of redshift for ALMA Bands 3, 4, 6 and 7. These curves are used to translate our observed fluxes into ISM masses.
Dust Temperature Variations
Although the submm flux varies linearly with dust temperature (Eq. 1), the range of mass-weighted < T D > M will be small, except in very localized regions. For radiatively heated dust, T D will vary as the 1/5 -1/6 power of the ambient radiation energy density, implying a 30-fold increase in energy density to double the temperature. Extensive surveys of nearby galaxies with Herschel find a range of T D ∼ 15 − 30 K (Dunne et al. 2011; Dale et al. 2012; Auld et al. 2013 ).
Our three calibrations yielding similar values of α 850µm (including atomic-and molecular-dominant regions; normal to star bursting systems; inner to outer Galaxy; and low to moderate redshift) lay a solid foundation for using the RJ dust emission to probe global ISM masses without introducing a variable dust temperature (Scoville et al. 2013) . It is important to recognize that fitting the observed spectral energy distribution (SED) to derive an effective dust temperature is not appropriate for the ISM mass estimation technique. The dust temperature derived from SED fitting (with a single T D ) is determined from the wavelength of the far infrared peakthe temperature so derived will be a luminosity-weighted < T D > L rather than the desired mass-weighted < T D > M . The former weights heavily those grains undergoing the strongest radiative heating, not the typical conditions of the global ISM.
There will of course be localized regions within galaxies where T D is significantly elevated -an extreme example is the central 100 pc of Arp 220. There, the dust temperatures reach 100 -200 K (Wilson et al. 2014; Scoville et al. 2015) ; nevertheless, measurements of the whole of Arp 220 are still consistent with the canonical value of α 850µm adopted here (see Fig. 1 in Scoville et al. 2014 ).
OBSERVATIONS, STACKING AND FLUX

MEASUREMENTS
The ALMA Cycle 2 observations (#2013.1.00034.S) were obtained in 2013. The z = 1.15 & 2.2 samples were observed in Band 7 (345 GHz), the z = 4.8 sample in Band 6 (240 GHz). On-source integration times were ∼ 2 minutes per galaxy and rms sensitivities were 0.152 (Band 7) and 0.065 mJy beam −1 (Band 6). Synthesized beam sizes were 0.6 − 1 . Data were calibrated and imaged with natural weighting using CASA.
Here we focus on results derived from stacking the images of subsamples of galaxies in cells of M stellar and sSFR (Fig. 1) .
14 The galaxy images of all galaxies in each cell were both median-and average-stacked. Given the small numbers of galaxies in each sub-sample (2-7), we used the average stack rather than the median since for such small samples the median can have higher dispersion.
The detection rates are summarized in Fig. 2 as a function of flux (Upper-Left panel), ISM mass (Upper-Right panel) and M stellar and sSFR (Lower panels). The detection rates for individual galaxies were ∼70, 85 and 50% at z = 1.15, 2.2 and 4.8. All flux measures are restricted to within 1.5 on the galaxy position. First, we used the SourceExtractor program (Bertin & Arnouts 1996) to search for emission peaks within the central 3 aperture. The detection threshold (typically ∼ 2.8 − 3σ) was adjusted for each image so that the probability of spurious detection would be less than unity in the entire sample of 180 images. The second technique involved direct search for significant peak or aperture-integrated fluxes within the central 3 aperture. We required a 2σ detection in S tot or 3.6 σ in S peak , in order that the detection be classified as real. These limits ensured that there would be less than one spurious detection out of 180 objects. Noise estimates for the integrated flux measures were derived from the dispersion in the aperture-integrated fluxes for 14 The measurements for the individual galaxies will be presented and analyzed in a later paper. That paper will include a full discussion of uncertainties in the galaxy properties and the photometric redshifts in addition to new spectroscopic redshifts from Keck MOSFIRE. 100 equivalent apertures, displaced off-source in the same image.
Flux and mass measurements for the subsamples of galaxies are given in Table 1 along with the mean sSFR and M stellar of each cell. Fig. 3 shows derived mean ISM masses and gas mass fractions of each cell for the three redshifts. The values for M ISM and the gas mass fraction (M ISM / (M ISM + M stellar )) are given by the large numbers in each cell and the statistical significance is given by the smaller number in the upper right. Fig. 3 -Top shows a large increase in the ISM masses from z = 1.15 to z = 2.2 for galaxies with stellar mass ≥ 10 11 M and for galaxies with sSFR/sSFR M S ≥ 4 (i.e. galaxies in the upper right of the diagrams). For lower mass galaxies and galaxies at or below the MS, little evolutionary change is seen, although the MS is itself evolving upwards in sSFR. From z = 2.2 to 4.8, there is no strong evolution since approximately equal numbers of cells have higher and lower M ISM at z = 4.8 compared with z = 2.2 and the differences don't appear strongly correlated with sSFR and M stellar .
ISM MASSES AND GAS MASS FRACTIONS
The gas mass fractions shown in Fig. 3 -Bottom range from ∼ 0.08 − 0.13 on the MS up to 0.5 -0.8 for the highest sSFR cells. For perspective, we note that the Milky Way galaxy has a stellar mass 6 × 10 10 M (McMillan 2011), M ISM ∼ 3 − 4 × 10 9 M (approximately equally HI and H 2 ) and SFR ∼ 1 − 2M yr −1 . Thus for the Galaxy, sSFR 0.015 − 0.030 Gyr −1 and gas mass fraction is ∼0.055. Lastly, to place the Milky Way in context at low z, the main sequence parameters given by Béthermin et al. (2012) and Lee et al. (2015) yield SFR = 4.2 and 3.8 M yr −1 and sSFR = 0.07 and 0.063 Gyr −1 for the Milky Way's stellar mass; thus, the Galaxy has SFR a factor ∼2 below the z = 0 MS but still eligible to be classed as MS. The MS galaxies at z = 1 − 5 therefore have ∼ 2 times higher gas mass fraction than the Galaxy for the same stellar mass but ∼ 10 times higher ISM mass for the highest stellar masses. At low redshift, massive galaxies with several×10 11 M would have largely evolved to become passive (non-star forming) red galaxies with low ISM masses.
Intriguing are the few cells with gas mass fractions 50 -80% occurring at the highest sSFR at z = 2.2 and 4.8, implying gas masses 1 to 4 times the stellar masses. Clearly, such galaxies can not be made from the merging of two MS galaxies having gas mass fractions ∼ 10%, since in a merger the resultant gas mass fraction would remain constant or even decrease (if there is significant conversion of gas to stars in a starburst). Thus, we conclude that these very high sSFR galaxies represent a new phase in galaxy evolution. We refer to these systems as nascent galaxies -having M ISM > M stellar , yet clearly having prior star formation given their large stellar masses and the presence of metal enriched ISM. They share the gas-rich properties with the sub millimeter galaxies, yet the ones seen here were selected first in the optical-NIR without pre-selection for dust emission. The ISM masses of these systems reach 3 × 10 11 Mthey are very likely the progenitors of present epoch massive elliptical galaxies (Toft et al. 2014 ). The trends in ISM masses, SFRs and gas mass fractions can be represented adequately by quite simple analytic functions. From a non-linear least squares fitting to the data shown in Fig. 3 and Table 1 we obtain:
We also attempted fitting the gas mass fractions with a sSFR / sSFR M S term but this also did not improve the fit; we therefore kept the simpler, unnormalized SFR term. 15 For the SF law, we obtain
and inversion of Eq. 4 can yield an expression for the ISM gas mass in terms of an observed SFR. The existence of a single 'linear' relation between the available gas mass and SFR for all our galaxies (independent of redshift at z > 1, both on and above the MS) is a result with fundamental implications. The characteristic ISM depletion time τ = M ISM /SFR 10 8 yrs (Eq. 4) is therefore approximately constant for galaxies both on and above the MS and for galaxies at all three redshifts (z > 1). This timescale is short compared with the ∼ 2 Gyr time differences between z = 4.8 and 2.2 and z = 2.2 to 1.15, implying that there must be substantial accretion of fresh gas to replace that being absorbed into stars. The equivalent depletion times for nearby galaxies are 2.2 Gyr (Leroy et al. 2013 ).
16
The shorter depletion times at high redshift and the universality of these short timescales imply that star formation in the early universe is driven by very different processes than those in present day galaxies having low star formation efficiencies. This different star formation mode, dominant in high redshift gas-rich galaxies, is very likely the dynamically driven SF, occurring in low-z galactic spiral arms, bars and merging systems, but occurring throughout the high redshift galaxies. At high redshift, dispersive gas motions (as opposed to ordered rotation) and/or galaxy interactions will lead to compression in the highly dissipative ISM, enhancing the SFRs per unit gas mass. Clearly, such motions will be damped on a galaxy crossing timescale (∼ 2 × 10 8 yr), but this is also the timescale that is implied for replenishment of the high-z ISM masses in order to maintain the observed SFRs. The accreted gas from the IGM or galaxy merging should have typical infall/free-fall velocities of a few×100 km s then drive the higher SFRs, elevated relative to z = 0 quiescent gas.
SUMMARY AND COMMENTS
The results presented here suggest that the distilled answers to the questions posed in §1, are:
• At high redshift, the primary difference between galaxies with sSFR above the MS and those on the MS is simply increased gas contents of the former, not higher efficiency for conversion of gas to stars. However,
• the shorter (∼ 10×) gas depletion times at high redshift of all star forming galaxies, both on and above the MS, imply a more efficient mode for star formation from existing gas supplies. This is naturally a result of highly dispersive gas motions (due to prodigious on-going accretion needed to replenish gas contents and to galaxy interactions) for all high redshift galaxies -those on and above the MS.
Our result of a single SF law at high redshift is very different from the analysis of Daddi et al. (2010) and Genzel et al. (2010) who obtain different SF laws for normal SF galaxies and starburst/SMG galaxies. In both cases, their ISM masses at high redshift are derived from higher J CO transitions and they use different high J to J = 0 line ratios and CO-to-H 2 conversion factors for the two classes of galaxies. The technique used here avoids these uncertainties and we have argued earlier that the variations in T D are likely to be small. We thank Zara Scoville for proof reading the manuscript.
This paper makes use of the following ALMA data: ADS/JAO.ALMA# 2013.1.00034.S. ALMA is a partnership of ESO (representing its member states), NSF (USA) and NINS (Japan), together with NRC (Canada) and NSC and ASIAA (Taiwan), in cooperation with the Republic of Chile. The Joint ALMA Observatory is operated by ESO, AUI/NRAO and NAOJ Note. -τ SF = M ISM / < SFR > where < SFR > is the mean SFR. a SNR is the higher of the SNRtot and SNR peak (see text).
